INTRODUCTION
In most freshwater fishes, it is very difficult to infer phylogenetic relationships and systematics by traditional approach, because of unclear homology of morphological characters, even at the genus level. Such is the case for the subfamily Leuciscinae, Cyprinidae (Lowe-McConnell, 1975; Bogutskaya, 1990; Howes, 1991) . The subfamily Leuciscinae consists of many species widely distributed in Eurasia and North America. Regarding systematics for this subfamily, Cavender and Coburn (1992) conducted morphological analysis and suggested that the Leuciscinae was divided into two phyletic groups, namely leu-ciscins for Eurasian plus North American Notemigonus species and phoxinins for North American plus Phoxinus, Tribolodon and Pseudaspius species. Far Eastern region including the east end of Russia, China, Mongolia, Korean Peninsula and Japanese Islands is located between Europe and North America, and it is known that the three genera of phoxinins and five genera of leuciscins are distributed in this region (Howes, 1991) . Therefore, evolutionary history of the Leuciscinae species inhabiting the Far East is an interesting subject on phylogenetic relationships between the two phyletic groups of Leuciscinae. The phylogenetic relationships of Leuciscinae species living in the Far East partly investigated by some molecular studies (Kartavtsev et al., 2002; Sakai et al. 2002 Sakai et al. , 2006 . The three phoxinin genera form a specific clade among the Far Eastern species, and the clade is phylogenetically closer to the North American Phoxinus species than the genus Leuciscus of Far Eastern leuciscins. Furthermore, Tribolodon and Pseudaspius species are closely related species in the Far Eastern phoxinin branch. However, the previous phylogenetic studies for the Far Eastern Leuciscinae species mainly focused on localized specimens living in the Far East (Kartavtsev et al., 2002; Sakai et al. 2002 Sakai et al. , 2006 . In addition, the other comprehensive phylogenetic studies for the Leuciscinae species have lacked the Far Eastern specimens, and have invested much effort to elucidate evolutionary history of Euprope and/or North America (Briolay et al., 1998; Zardoya and Doadrio, 1999; Cunha et al., 2002; Durand et al., 2002; Hrbek et al., 2004) .
Besides the phylogenetic position of Leuciscinae species inhabiting the Far East, recent evolutionary history of the Far Eastern phoxinins, Tribolodon and Phoxinus, are also complicated. The genus Tribolodon representatives are well known as the endemics to the Far East. Although the Cyprinidae is regarded as freshwater-origin (Sterba, 1973) , the Tribolodon species, which have broad osmoregulation capabilities, inhabit the upper reaches of rivers and lakes, as well as coastal regions of the sea in cold and temperate regions of the Far East. Thus, the group is ecologically diverse. It is considered to be the following 4 species belonging to the genus Tribolodon: T. hakuensis, T. brandtii, T. sachalinensis and T. nakamurai. However, their taxonomy had been contentious with little agreement among ichthyologists (Ikeda, 1938; Nakamura, 1963 Nakamura, , 1969 Kurawaka, 1977; Onodera and Honma, 1976) . This is due to the low level of morphological differentiation among species and the occurrence of its variations among different habitats in each species. Such morphological characters are obscure whether derived from genetic or environmental factors. As effective taxonomic characters for identifying Tribolodon species, Kurawaka (1977) proposed difference of cephalic lateral-line systems among the species of Tribolodon. Genetic analysis based on allozymic variations in the genus Tribolodon, clearly showed that the four species proposed by Nakamura (1963 Nakamura ( , 1969 and Kurawaka (1977) had been genetically differentiated enough to be classified as distinct species in their sympatric waters (Hanzawa and Taniguchi, 1982; Sakai, 1995; Kartavtsev et al., 2002) . Regarding phylogenetic relationships among the 4 species of Tribolodon, the previous allozyme analysis indicated that a clade comprised of two anadromous Tribolodon species (T. hakuensis and T. brandtii) was sister relationship with a clade comprised of T. sachalinensis and T. nakamurai and suggested a single founder of anadromous species in the clade of Tribolodon . However, their phylogenetic relationships lacked sufficient statistical support of bootstrap probability such as being less than 50% for each clade. Therefore, evolutionary history of Tribolodon is less well understood.
On the other hand, the species of the genus Phoxinus widely distributed from Western Europe to North America (Howes, 1991) . Although it is considered that 7 species (Ph. Phoxinus, Ph. kumgangensis, Ph. semotilus, Ph. lagowskii, Ph. oxycephalus, Ph. perenurus and Ph. czekanowskii) live in the Far East, the taxonomy of this genus is still being discussed among taxonomists (Howes, 1985; Kim, 1997; Chereshnev, 1998; Fujita and Hosoya, 2005) . Recent molecular phylogenetic studies (Ito et al., 2002; Sakai et al., 2006) suggested that the Far Eastern Phoxinus species should be classified into different genus, Rhynchocypris which was originally assigned to the Far Eastern Phoxinus species (Günther, 1889) . However, considering that the specimens used in the previous studies were mainly derived from local area such as the Far East, it is necessary to examine phylogenetic relationships among the Phoxinus species by using the comprehensive specimens of Leuciscinae obtained from wide range.
In this study, to discuss the systematics and elucidate evolutionary history of the Far Eastern Leuciscinae species, we used the data on 9 species belonging to 4 genera of Leuciscinae collected from Japan and the Far Eastern Russia, and the 22 European and 14 North American species, and conducted molecular phylogenetic analyses based on mitochondrial Cyt-b gene and D-loop sequences. Table 1 shows samples of scientific and Japanese names, collection locality, and accession numbers for sequence data. The table also contains accession numbers of European and North American Leuciscinae species obtained from GenBank. The collection localities of Far Eastern phoxinins are also shown in Fig. 1 . The nomenclature of the scientific names follows that of Nakabo (2000) , Doi and Shinzawa (2000) , Bogutsukaya and Naseka (1996) , Shedko (2005) and FishBase (http:// www.fishbase.org/home.htm). We collected most sam- Abramis sapa -AY026408 -
MATERIALS AND METHODS

Sample collection and sequence determination
Aspius vorax AY026399
Chondrostoma toxostoma -AF045985 AJ388395
Leuciscus borysthenicus
- AF090759 - Leuciscus carolitertii - AF045994 - Leuciscus cephalus - AF045995 AJ388407 Leuciscus keadicus - AF090760 - Leuciscus leuciscus - Y10449 - Leuciscus peloponnensis - AF090756 - Leuciscus pyrenaicus - AF045991 - Pachychilon macedonicus - AF090761 -
Phoxinus phoxinus
Hime-haya -Y10448 AJ388410
Pseudophoxinus stymphalicus thesproticus -AF090769 -
Rutilus rubilio --AJ388400
Rutilus rutilus -AF090772 -
Scardinius erythrophthalmus -Y10444 AJ388403
Telestes beoticus -AF090770 -
Telestes multicellus --AJ388399
Telestes soufia -Y10439 AJ388398
Tropidophoxinellus hellenicus -AF090776 -ples from the wild, but Phoxinus perenurus sacharinensis (Hokkaido) was purchased. The individuals used for the analyses did not contain hybrids, because they were exactly identified by differential alleles substituted among species (Hanzawa and Taniguchi, 1982; Hanzawa et al., 1987 Hanzawa et al., , 1988 Sakai, 1995; Kartavtsev et al., 2002) and morphological difference of cephalic lateral-line systems (Nakamura, 1963 (Nakamura, , 1969 Kurawaka,1977) . Total DNA was purified from fresh tissue of skeletal muscle or liver according to the method described by Asahida et al. (1996) . Using the total DNA and a pair of primers, 5'-AGGTCGGGACCATGCCTTTG-3' and 5'-ATG-GCAAGCCTACGAAAAAC-3', approximately 2.3 kbp of mtDNA fragments including the Cyt-b gene and D-loop were amplified by PCR. The 30 amplification cycles were performed at 93°C for 45 sec, 50°C for 60 sec, and 60°C for 3 min. Nearly complete 1,120 bps of Cyt-b gene sequences (complete Cyt b gene is 1,140 bps in the Leuciscinae species) were determined by automated DNA sequencing (377, Applied Biosystems) using the following primers: 5'-GATTWCAAGACCGATGCTTT-3', 5'-TAGGCRAATAG-GAARTATCA-3', 5'-GGTGGCCCCTCAGAAGGACATTTG-TCCTCA-3', 5'-GAGCCAAAGTTTCATCA-3', 5'-AACATA-CATGCCAACGGAGC-3', and 5'-ATCTCTTTCCACCCCT-ACTT-3'. Partial upstream and downstream D-loop sequences were determined using the following primers: 5'-ACAGGMTCAAAYAACCC-3', 5'-AAAGCATCGGTCT-TGTWATC-3', and 5'-TACCCAACATGCCGGGCGTT-3', and those connected sequences (a total of 522 bps) were used for the analysis. To exclude sequence errors caused by base mismatching on the PCR, the sequences and their complements were confirmed by using independently amplified PCR products.
Phylogenetic analyses
The sequences were multiply aligned by using Clustal X (Thompson et al., 1997) . Using PAUP 4.0b (Swofford, 1998) , p-distances were calculated based on the aligned sequences and the number of transitions (Ts) and transversions (Tv) at each site were estimated between sequences of individuals of each species. Kimura (1980) 's evolutionary distances were calculated at Ts / Tv ratios of 2.0, 3.0, 4.0, and 5.0. A neighbor-joining (NJ) tree (Saitou and Nei, 1987) was constructed based on the evolutionary distances, and the significance for each branch of the tree was evaluated by bootstrapping (Felsenstein, 1985) on 1,000 replications. In D-loop sequences, we observed repetitions of TA microsatellite. Because the size and number of repeats differed among the Leuciscinae species, the repeat gaps were deleted from the D-loop data for phylogenetic analysis. The base-substitution model used to construct the maximum likelihood (ML) tree was tested by using Modeltest 3.7 (Posada and Buckley, 2004) , and the TVM + I + G model was selected for the Cyt-b tree and the HKY + G model for the D-loop tree. The ML trees were evaluated by bootstrapping on 1,000 replications. As outgroup of phylogenetic analysis, Zacco platypus (AB198972), Culter mongolicus (AB198973), Hemiculter leucisculus (AF051865), Carassius auratus (AF045966), Cobitis striata (AB054125), and Lefua echigonia (AB054126) were used in the analyses based on the Cyt-b gene. Similarly, Z. platypus (AB207017), H. leucisculus (AF494352) and C. auratus (AJ388413) were used in the analyses based on the D-loop.
RESULTS
Validity of phylogenetic analyses based on mtDNA sequences in the Leuciscinae
Average base-composition in their Cyt-b gene sequences is 27% for A, 29% for T, 16% for G, and 28% for C, respectively, and there is no sequence for which the composition largely deviated from the average. Similarly, average base-composition in the D-loop sequences is 32% for A, 33% for T, 15% for G, and 20% for C, and the variation in base-composition among sequences is very low. Therefore, the errors in the phylogenetic analyses among the species are probably very small.
To verify that the evolutionary rate is constant in the Cyt-b gene and D-loop in the Leuciscinae, numbers of Ts and Tv to p-distances were estimated on pairwise sequences. Both plots of Ts and Tv in the Cyt-b gene are almost distributed linearly, and such linearity is recognized even in the comparison of base-substitutions only at the third-codon position (Data not shown). This reveals that extreme saturation in base-substitutions has not occurred among the Cyt-b genes of these species in the Leuciscinae. Similarly, numbers of Ts and Tv to pdistances in the D-loop were also estimated (Data not shown). The plots of Ts and Tv show nearly linear distribution patterns, however the slope of the distribution plot for Tv is similar to that for Ts due to loose functional restriction in the D-loop. This also reveals that extreme saturation has not occurred in the D-loop sequences of these species, whereas the evolutionary rate appears to be higher than for the Cyt-b gene from the slopes of the distribution plots. Thus, in both the Cyt-b gene and D-loop, the evolutionary rate among species is regarded as almost constant and the phylogenetic analyses based on the two DNA markers are valid enough.
Phylogenetic relationships among the species of
Leuciscinae A NJ tree was constructed based on the Cyt-b gene sequences of 43 species and subspecies in Leuciscinae and 6 species as an outgroup in other subfamilies in Cyprinidae and family Cobitidae (Fig. 2) . The topology of the NJ tree was largely unchanged when Ts / Tv varied from 2.0 to 5.0. In the phylogenetic tree, 43 species of Leuciscinae formed a monophyletic clade with 83% bootstrap probability (BP). In the Leuciscinae clade, Ph. phoxinus diverged from the remaining species of Leuciscinae as a basal lineage. However, the BP of the clade comprising the remaining Leuciscinae species was less than 50% and its branch length was short. The remaining species of Leuciscinae were fundamentally divided into five clades (clade 1-5 in Fig. 2) .
The clade 1 was composed of eight species of the Far Eastern phoxinins. The Tribolodon and Pseudaspius species formed a subclade with 100% BP. T. hakuensis located at basal branch in this subclade. The remaining three species of Tribolodon and Ps. leptocephalus formed a clade with relatively high BP (88%). A clade comprising T. brandtii and T. nakamurai was supported with high BP (99%), and was sister relationship to a clade comprising T. sachalinensis and Ps. leptocephalus (78%). Clades composed of each species of T. hakuensis, T. sachalinensis and T. nakamurai were supported with 100% BP, whereas a clade of T. brandtii was supported with relatively low (77%). In the T. brandtii clade, the individual that was collected from Ukedo River (UKE) flowing to the Pacific Ocean located at basal branch in the clade and the remaining individuals formed a clade with 99% BP. The North American phoxinins were divided into the three distinct clades (clade 2 consisting of two species, clade 3 consisting of four species and clade 5 consisting of seven species). The clade 4 was represented as the leuciscin clade. The Far Eastern leuciscin, namely L. waleckii, was located at deeper branch in this clade by forming a substantial clade with A. vorax and L. leuciscus (99% BP). In the clade 4, we observed the following major 4 subclades; Aspius-Leuciscus clade (99% BP), Abramis clade (96% BP), Telestes-Chondrostoma clade (99% BP), Leuciscus clade (92% BP). However, initial divergence of the leuciscins was still unclear. The clades 1, 2, 3 and 5 were highly supported with 99, 96, 99 and 85%, respectively, whereas the BP support of the clade 4 was less than 50%.
Moreover, we constructed a ML tree of the Leuciscinae species based on Cyt-b gene data (Fig. 3) . In the ML analysis using Cyt-b sequence, to reduce the computational burden, we chose representative species from the results of NJ analysis. The selective criteria is as follows; 1) One individual per one species was selected from the Far Eastern phoxinins. 2) One representative species (Couesius plumbeus, Acrocheilus alutaceus, Pimephales notatus) was selected from the 3 well-supported clades of the North American phoxinins in the NJ analysis (clades 2, 3 and 5 in Fig. 2) . 3) From the clade 4 comprisng the leuciscins, one representative species was selected from the four well-supported subclades [Leuciscus waleckii from the Aspius-Leuciscus subclade (99% BP), Abramis brama from the Abramis subclade (96% BP), Telestes soufia from the Telestes-Chondrostoma subclade (99% BP), Leuciscus cephalus from the Leuciscus subclade (92% BP) in Fig. 2 ]. Finally, the 22 Leuciscinae species were used in the ML anlaysis based on the Cyt-b gene. The topology of the ML tree fundamentally agreed with that of the NJ tree. The clade 1 was also supported by high BP (93%) in the ML analysis. Ph. phoxinus was a sister lineage besides the clade 1, however the BP was extremely low (< 50%). Therefore, phylogenetic position of Ph. phoxinus is still unclear in this ML analysis. The clade 4 consisting of European and the single Asian species was supported with relatively high BP (86%) in comparison with the results of the NJ analysis (Fig. 2) .
Another NJ tree for the Leuciscinae species was constructed based on D-loop sequence, whose evolutionary rate is higher than that of the Cyt-b gene (as mentioned above). Figure 4 shows the NJ tree for 16 species in the Leuciscinae and 3 species in other subfamilies. The topology of this tree did not change fundamentally even though Ts / Tv varied from 2.0 to 5.0. The NJ tree was divided into two distinct clades, namely clade A and B, and both of the clades were supported with 100% BP (Fig.  4) . The clade A and B were composed of Far Eastern phoxinins and European leuciscins, respectively. Considering a subclade of Tribolodon and Pseudaspius in the clade A, Ps. leptocephalus located as a basal branch in this clade unlike with the Cyt-b tree and the 4 species of Tribolodon were monophyletic (79% BP). In the Tribolodon clade, T. hakuensis was a basal lineage as well as the Cyt-b trees (Fig. 2 and 3) , and the remaining 3 species of Tribolodon were monophyletic with high BP (91%). The clades composed of each species of T. hakuensis, T. sachalinensis and T. nakamurai was supported by high BPs (99, 100 and 100%, respectively), whereas the monophyly of T. brandtii was weakly supported with 54% BP as well as seen in the Cyt-b trees (Fig. 2 and 3) . As observed in the Cyt-b-based analyses, the Far Eastern Phoxinus species formed a clade with 99% BP, and the clade was sister relationship to the Tribolodon-Pseudaspius clade in the Far Eastern phoxinins clade. On the other hand, Ph. phoxinus is located at a basal position of the leuciscins clade B in the D-loop tree unlike with the topology observed in the Cyt-b-based analyses. This may be due to the difference of evolutionary rate between Cyt-b and D-loop or the small amount of D-loop sequences that was analyzed in this study. In any case, the D-loop tree revealed that Ph. Phoxinus is highly differentiated genetically from the Far Eastern Phoxinus species.
In the D-loop sequences, we further found that the numbers of (TA) repetitions differs among the Far Eastern and European species. The details of TA repetitions of Far Eastern phoxinins were as follows; Ps. leptocephalus, T. hakuensis and T. brandti for (TA) 14 , T. sachalinensis for (TA) 18 , T. nakamuraii for (TA) 19-20 , Ph. lagowskii steindachneri for (TA) 10 , Ph. oxycephalus jouyi, Ph. perenurus sachalinensis and Ph. p. mantschricus for (TA) 12 , respectively (each number enclosed with a circle in Fig. 4) . On the other hand, the TA repetitions observed in European leuciscins were from 6 to 9 (Fig. 4) .
We further chose one representative specimen from each species of Far Eastern phoxinins to reduce the computational burden and constructed ML tree based on D-loop. Figure 5 shows the ML tree including 16 Leuciscinae species. This ML tree was almost identical to the D-loop-based NJ tree (Fig. 4) . With one considerable exception, Ph. phoxinus was located at deep branch in the European clade, and its branch length was considerably longer.
DISCUSSION
Phylogenetic position of the Far Eastern phoxinins in the Leuciscinae
The phylogenetic analyses based on mtDNA sequences showed distinct differentiation of the Far Eastern phoxinin lineage and complicated evolutionary history of the Nroth American phoxinins and European phoxinins (Fig. 2-5 ). In the present study, Ph. phoxinus was the most confusing species in the phylogeny of Leuciscinae. Previous molecular studies almost consistently suggested a basal position of Ph. phoxinus in the Leuciscinae phylogeny (Briolay et al., 1998; Zardoya and Doadrio, 1999; Hänfling and Brandl, 2000; Cunha et al., 2002; Durand et al., 2002) . However, the present phylogenetic analyses based on Cyt-b and D-loop raised questions about phylogeny of Ph. phoxinus, and the issue should be solved in a future study. In a similar manner, the present analyses could not resolve whether the North American species group is monophyletic or paraphyletic as well as the previous study (Cunha et al., 2002) , because this complicated issue takes special investigation with both the gene sequence data (more genes involved) and species diversity representation. Throughout the phylogenetic trees in the present study, it appears certain that the Far Eastern phoxinins evolved as independent lineage in the clade of widely distributed Leuciscinae species. In previous reports on phylogenetic relationships among 4 Tribolodon species, Ps. leptocephalus, and L. waleckii based on protein-coding loci patterns (Kartavtsev et al., 2002; Sakai et al., 2002) , we observed similar relationships to those shown in Fig. 2-5 . Namely, L. waleckii holds an external position in the phylogenetic trees with respect to Tribolodon and Pseudaspius species.
As an interesting molecular character, we observed variable TA repeats in D-loop sequence (Fig. 4) . The TA repetitions were almost species-specific, except for 19-20 times repetitions observed in T. nakamurai. The ambiguous repetitions of T. nakamurai may represent hete- roplasmy of TA microsatellite in the mitochondrial genomes. Mayer and Kerth (2005) were proposed that heteroplasmy of TA microsatellite was observed in control region of bats' mtDNA and that the frequency of heteroplasmy increased with higher TA copy numbers. At least 19 times of the numbers of TA repetitions in the mtDNA of T. nakamurai were observed in the present study. The repetitions of TA microsatellite in D-loop of the Far Eastern phoxinins were relatively larger than those in the other Leuciscinae species, and furthermore those in the species of Tribolodon-Pseudaspius clade had a high tendency to increase the numbers (14-20 times repeats). However, it was difficult to estimate correlation between the numbers of repetitions and phylogenetic relationships among the species in the Far Eastern phoxinin clade, because it was ambiguous detailed phylogenetic relationships among these species. It is seemed that the numbers of (TA) repetitions in the D-loop may indicate some characteristics related to the evolutionary history of these species.
The Far Eastern taxa in Leuciscinae have not still been recognized as taxonomically distinct by some ichthyologists due to morphological similarities such as shapes and numbers of pharyngeal teeth and other meristic characters (Miyadi et al., 1976; Nakabo, 2000) . Actually, Tribolodon species had earlier been described as members of European genera such as Leuciscus and the authors have still insisted that these species should be included in the genus. However, the present phylogenetic analyses clearly show that the lineage of Far Eastern species is largely different evolutionally from that of such European and North American genera.
Phylogenetic relationships among the Far Eastern phoxinins
Detailed phylogenetic relationships among the species of Tribolodon and Pseudaspius are still remained as unresolved issue in the present analyses. However, it was seemed that T. brandtii, T. sachalinensis and T. nakamurai were relatively closely related species (Fig. 2-5 ) and that T. hakuensis or Ps. leptocephalus is a most basal lineage in the Tribolodon-Pseudaspius lineage from the results in Cyt-b and D-loop analyses. The phylogenetic position of Ps. leptocephalus differed slightly between the Cyt-b and D-loop-based trees. Although the previous molecular phylogenetic analyses based on protein-coding loci patterns (Kartavtsev et al., 2002; and partial ribosomal RNA sequence of mtDNA (Sakai et al., 2006) suggested that Ps. leptocephalus was the basal lineage in the Tribolodon-Pseudaspius clade, it was thought to be premature based on the present results.
Our Cyt-b-based analysis suggested that Ps. leptocephalus was monophyletic with T. brandtii, T. sachalinensis and T. nakamurai (Fig. 2 and 3) . In any case, Ps. leptocephalus is closely related to Tribolodon species rather than other species in Leuciscinae as seen in the previous studies (Kartavtsev et al., 2002; . Therefore, it is deduced that Ps. leptocephalus inhabiting freshwaters of the Far East Russia and China was derived from the common ancestor of Tribolodon species inhabiting both fresh and sea waters of the Far East. Ps. leptocephalus is a monotypic species of this genus. Its taxonomic characters in the family Cyprinidae, such as morphology of pharyngeal teeth, are similar to Tribolodon species (Tomoda, 1998) , and its body proportion and numbers of lateral line scales slightly differ from the species (Uchida, 1939; Nakamura, 1969; Nakabo, 2000) . Considering the present phylogenetic relationships and morphological insights regarding Pseudaspius and Tribolodon species, there is a possibility that these two genera are reclassified into a single genus. In that case, all Tribolodon (Ikeda, 1938) species should be included in the genus Pseudaspius Dybowski, which has a taxonomic priority (Nakamura, 1969) .
In the Far Eastern Phoxinus subclade, each of the 3 species is regarded as genetically differentiated enough (10) (11) (12) , in spite of their extreme morphological similarity (Nakamura, 1969; Howes, 1985) . The evolutionary distances are nearly equal among the 3 species, suggesting that their divergence had been occurred almost simultaneously. The close phylogenetic relationship between Ph. perenurus mantschricus and Ph. p. sachalinensis supports their taxonomic positioning as subspecies. The Far Eastern Phoxinus species, which were previously classified into the genus Moroco (Nakamura, 1963 (Nakamura, , 1969 , are reclassified into the genus Phoxinus (Rafinesque, 1820; Agassiz, 1835) . The Far Eastern Phoxinus species and subspecies used for this study are actually distributed in northeastern Asia. On the other hand, Ph. phoxinus, a type species of the genus, was described in Western Europe, and later it was reported that the species is widely distributed from Western Europe to the Far East (Reshetnikov, 2003) . However, the present phylogenetic analyses in Leuciscinae reveal the possibility that phylogenetic relationships are correlated to geographical distribution, without relation to their morphological similarity, and that the Far Eastern species are actually far from the European Ph. phoxinus phylogenetically. Ph. phoxinus, which is a small freshwater fish only 12 cm long, stays streams and upper reaches of rivers (Frank, 1972) . It ought to have taken long evolutionary time to enlarge its distribution in Eurasia. Recently, Sakai et al. (2006) analyzed phylogenetic relationships among the species of Far Eastern Leuciscinae, and suggested that Far Eastern Ph. phoxinus was closely related to the speices of Rhynchocypris (Far Eastern Phoxinus species sensu this study), Tribolodon and Pseudaspius rather than L. waleckii. Their observation differed from our and previous study (Cunha et al., 2002) suggesting that European Ph. phoxinus was the basal lineage in the Leuciscinae clade composed of the species from Europe, Far East and North America. Therefore, there is the high possibility that Asian Ph. phoxinus is highly differentiated from the European Ph. phoxinus. Further molecular analyses of Phoxinus species including the Far Eastern Ph. phoxinus and North American species will clarify these phylogenetic relationships and taxonomic positions.
Evolutionary aspects of the Far Eastern phxonins
The present study on the Leuciscinae species reveals the possibility that phylogenetic relationships are correlated to their geographical distributions. The evolutionary rate of the mtDNA sequences used was almost constant among species in Leuciscinae. Zardoya and Doadrio (1999) estimated the evolutionary rate of Cyt-b gene among European cyprinid species at 0.76% / mya. If this supposition is correct, divergence time between the Far Eastern phoxinins and the other clades, and between the Pseudaspius-Tribolodon and the Far Eastern Phoxinus clades is calculated as approximately 10-14 and 9 mya, respectively. It is further estimated that each species in Pseudaspius-Tribolodon and Far Eastern Phoxinus speciated approximately 4-6 mya. The divergence time corresponds to the late Miocene to early Pliocene when the Sea of Japan had been formed from a large freshwater lake and the Japanese Islands were formed (Ichikawa et al., 1970) . Ps. leptocephalus and the Far Eastern Phoxinus species, which inhabit only freshwaters as well as all the other European and North American Leuciscinae species now (Nakamura, 1969; Frank, 1972) , probably speciated in freshwaters of inland during this period. On the other hand, Tribolodon species might speciate near the Sea of Japan during the period, because they can osmoregulate and their present distribution is around the Sea of Japan, as Nishimura (1974) speculated their speciation in relation to the origin of the Sea of Japan. So far T. sachalinensis has been recorded only from freshwaters in Japan. However, the samples used for this study were actually collected from the seawaters near the mouth of Ulika River in Primorye District, Russia and were shown to have osmoregulation capabilities in this study. The endemic species, T. nakamurai might speciate in the Japanese side, because its distribution is limited only in a few rivers draining into the Sea of Japan in the middle of Honshu Island. It is still obscure where the other Tribolodon species speciated. However, the species might enlarge their distribution to the continent side through coastal regions later by the following reasons. In continent side (Reshetnikov, 2003; Choi et al., 1984; Zhu 1993) , Tribolodon species are distributed in coastal regions of the sea and freshwater types of T. hakuensis and T. sachalinensis are scarcely distributed in the inland area, although the types are widely distributed in Japanese Islands. The species might try to enlarge their distribution to the inland area of continent later, but could not, because there was no niche for them due to abundant species-diversity in freshwater fish fauna in continent (Reshetnikov, 2003; Choi et al., 1984; Zhu 1993) .
A paleontological study based on fossil records will verify the hypothesis mentioned above. Fossils of taxonspecific pharyngeal teeth are sometimes found in Cyprinidae, and such diagnostic fossils are available to infer their evolution and evolved period (Uyeno, 1975) . The pharyngeal teeth are similar to each other in Far Eastern Leuciscinae species and it is difficult to identify species from their fossils (Tomoda, 1998) . However, there is the possibility that their crania different among species morphologically (Shinzawa and Uyeno, pers. com.) are found as the fossils, and such paleontological record may clarify their evolutionary process.
It is known that phylogenetic study based on complete mitochondrial genome yielded more reliable phylogenies than that based on single or partial mtDNA data (Cummings et al., 1995; Zardoya and Meyer, 1996) , and such studies actually achieved significant results in vertebrates (Saitoh et al., 2006; Sasaki et al., 2005 Sasaki et al., , 2006 . Therefore subsequent phylogenetic analysis among the species of Leuciscinae based on complete mitochondrial genome sequences may clarify the evolution of Leuciscinae widely distributed in the Northern Hemisphere, and such studies are now in progress.
